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Endothelial cell migration was studied following a mechanical injury 
produced in cultured confluent monolayers of calf aortic endothelium with 
the use of a quantitative migration assay. In this method the # 
cells were grown on glass coverslips coated with scarlet red-containing 
Formvar. At confluency, the cultures were cut in half with a blade; one 
half was removed with the pigmented Formvar, and the other was returned to 
culture. Migration was linear for a least 96 hours, and was due to cell 
motility, not proliferation. Since it was blocked in the presence of 
L-azetidine carboxylic acid or cis-hydroxyproline, 

inhibitors of collagen secretion, endothelial cell migration appeared to 
be dependent on the continual secretion of collagen. Furthermore, the 
types, apparent relative amounts, and localizations of the collagens as 
well as laminin changed during the migratory process. These studies 
support the notion that the aortic endothelial cell migratory response to 
injury is a dynamic one ' requiring the continual secretion and modulation 
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Endothelial cell migration was studied following a 
mechanical injury produced in cultured confluent mo- 
nolayers of calf aortic endothelium with the use of a 
quantitative migration assay. In this method the cells 
were grown on glass coverslips coated with scarlet red- 
containing Formvar. At confluency, the cultures were 
cut in half with a blade; one half was removed with the 
pigmented Formvar, and the other was returned to cul- 
ture. Migration was linear for at least 96 hours, and was 
due to cell motility, not proliferation. Since it was 
blocked in the presence of L-azetidine carboxylic acid 



or Lb- hydroxy proline, inhibitors of collagen secretion, 
endothelial cell migration appeared to be dependent on 
the continual secretion of collagen. Furthermore, the 
types, apparent relative amounts, and localizations of 
the collagens as well as laminin changed during the 
migratory process. These studies support the notion 
that the aortic endothelial cell migratory response to in- 
jury is a dynamic one requiring the continual secretion 
and modulation of matrix molecules. (Am J Pathol 
1982, 106:180-186) 



THE MIGRATORY RESPONSE occurring as a re- 
sult of vascular injury appears to be a general phe- 
nomenon, because it has been observed in various 
vascular beds in vivo and in vitro with the use of a 
variety of techniques.'" 5 In large vessels following in- 
jury endothelial migration reconstitutes a flat, con- 
tinuous, nonthrombogenic surface lining the vessel 
lumen. In contrast, in capillaries following soft tissue 
injury, or in response to tumor or inflammatory fac- 
tors, there is neovascularization by capillary ingrowth; 
ic, endothelial cells undergo budding and form new 
lumens. In addition, the process of migration, as ob- 
served in vitro, is noticeably different for large vessel 
and capillary-derived endothelial cells. Arterial (aor- 
tic) endothelial cell migration is apparently a consti- 
tutive function in culture, while capillary endothelial 
cell migration appears to be an inducible phenome- 



non triggered by heparin or tumor-conditioned medi- 
um that requires a gelatin substratum. 6 7 In light of 
the close physical association of endothelial cells with 
the underlying matrix in vivo and the matrix require- 
ments noted for capillary endothelial cell migration 
in vitro,* an investigation into the interactions of the 
large vessel endothelial cells with matrix components 
during the migratory response is warranted. In this 
study the matrix molecules associated with migrating 
and stationary aortic endothelial cells were compared 
with the use of affinity-purified antibodies. The sensi- 
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tivity olepHotheliaJ ceihmigration to the known in- 
hibitors of .collagen secretion, i-azetidine carboxylic 
acid and c/jr-hydroxy proline, was also studied. 

Materials and Methods 
Cover Glasses 

Endothelial cell migration was assessed with the 
use of a technique previously described. 9 Briefly, 
cover glasses (22 x 22 mm, No. 1, Scientific Products,' 
Division of American Hospital Supply Corp., 
VIcGraw Park, ill) that had been washed sequentially 
in concentrated sulfuric acid, tap water, distilled 
water, and absolute ethanol and air-dried, were dipped 
in ethylene dichloride (Ladd Research Industries, 
Burlington, Vt) containing 1% Formvar powder 
(15/95 Grade, Ladd Research Industries, Burlington, 
Vt) and 0.2% scarlet red (Sudan IV, Allied Chemical 
Corp., New York, NY), The coverslips were air-dried 
on sterile paper towels and placed in 35 x 10-mm 
tissue culture dishes (Falcon Plastics, Oxnard, Calif). 

Endothelial Cell Cultures 

Bovine (calf) aortic endothelial cells were isolated, 
cultured, and characterized as previously described. 10 
Briefly, endothelial cells were isolated by collagenase 
treatment, cultured, and passaged at confluency. All 
experiments were performed between the second and 
tenth passage. Cells were identified as endothelial 
cells by anti-factor VIII fluorescence, characteristic 
structure, and the presence of 5'nucleotidase and 
angiotensiri-eonverting enzyme activities. 10 

Migration Studies 

Each coverslip/dish was inoculated with 10/ cells, 
placed in a 37 C humidified atmosphere containing 
5% C0 2 , 95% air, until confluency was achieved. 
After irradiation (3000 rads X-ray, Siemens Stabili- 
pan 250; no added filter) to arrest proliferation, the 
coverslips were removed and placed in sterile Petri 
dishes (100 mm), and half the Formvar sheet was cut 
away with a sterile razor blade." The coverslips were 
then placed in fresh medium (199 E containing 20% 
heat-inactivated fetal calf scrum [GIBCOJ, penicillin 
[100 U/ml], streptomycin [100 jug/ml], and gluta- 
mine [2mM] [control medium] or the above medium 
containing 50 ^g/ml L-azetidine carboxylic acid 
[LAC A] or as-hydroxyproline [c/s-HPRO] [Sigma 
Chemical Co., St. Louis, Mo]) and incubated as 
before. The medium was changed every 2 days. In 
certain experiments the cut coverslips were incubated 
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in medium ctfrnamffigT^C^^ for 2 

days, followed by conLroTmedium for 2 days, or con- 
trol medium for the first 2 days, followed by medium 
containing LACA (or cis-HPRO) for the next 2 days. 
In addition, in some experiments cultures treated 
with LACA (or ds-HPRO) and control cultures 
were grown in the presence of 200 /ig/ml L-proline. 
Inhibitor-treated cultures showed no evidence of cell 
death, and migration or migration/proliferation re- 
sumed after removal of the inhibitor or by addition 
of L-proline. 

At varying time intervals the coverslips were stained 
after decanting the culture medium by covering them 
with Paragon Frozen Section Stain (Paragon C.S.C. 
Co., Inc., Bronx, NY) for 2 minutes.* After washing 
off the excess stain with water, we mounted the cover- 
slips in water facedown on glass slides. We measured 
migration, using a calibrated ocular micrometer, by 
recording the maximal linear distance of cell move- 
ment from the cut edge. 9 

In order to address the possibility that irradiation 
could alter matrix molecule production and expres- 
sion, we placed confluent cultures in Petri dishes, and 
cut half the Formvar sheet away. The cultures were 
analyzed for rate of migration and matrix expression 
at 1, 2, 3, and 4 days after wounding. Since the area 
covered by these endothelial cells after "injury" is de- 
pendent upon migration and proliferation, the area 
covered is greater (4000 p versus 2000 p observed for 
irradiated cultures). However, the process is linear, 
and the matrix components studied did not change in 
apparent relative amounts or localization when com- 
pared with irradiated cultures, as determined by im- 
munofluorescence (data not shown). 

Immunofluorescence Staining 

Antibodies to collagen Types I, 111, IV, and V(AB 2 ) 
and laminin were prepared and characterized as pre- 
viously described."-^ Staining of coverslips was 
accomplished according to previously published pro- 
cedures. 10 Controls included incubation with sec- 
ondary antibodies and with inhibited primary anti- 
bodies. 

We used a Ziess Standard Binocular 14 fluores- 
cence microscope, equipped with a mercury lamp and 
vertical illuminator with 450- to 490-nm excitation 
and 520-nm barrier filters to view the slides. Photo- 
graphs were taken with a 4-minutc exposure time 
with Kodak high-speed Ektachrome film (ASA 400). n 

Results 

Migration of mechanically wounded confluent ir- 
radiated calf aortic endothelial cells on coverslips is 
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Figure 1-Photorrncrographs of migrating endothelial cell cultures that have been "wounded" and incubated in the presence 
£v o n % CUt h 9 h? n id ri f ' abl6 * a white a ^ black broken line. Endothelial sheet outgrow* in control medium 

Day 0, b) Day 1 , c) Day 3, and d) Day 4. Sheet outgrowth in medium containing LACA (50 „g/m!) is shown at e> Day 4 (x 40i 



or absence of 
is shown at a) 



demonstrated in Figure J. The scarlet red Formvar 
coat served as a .sharply defined reference front 
throughout the experiment. (The front is outlined by 
alternating black and white dashes in Figure 1). The 
endothelial cells that migrated out from the cut edge 
of the Formvar did so as a confluent, organized sheet 
with a relatively smooth, even front (Figure 1A-D). 
Incubation in the presence of LACA or cw-HPRO 



containing medium significantly inhibited migration 
(Figure IE). 

The movement of confluent irradiated calf aortic 
endothelial cells over a 4-day period is recorded in 
Figure 2. The migration rate was linear during this 
time period. When coversiips of migrating cells in- 
cubated for 2 days in control medium were incubated 
in medium containing LACA or c/s-HPRO complete 
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Figure 2— Migration of irra- 
diated, confluent cultures of 
bovine caif aortic endothe- 
lial cells (SAECs). Solid line, 
control cultures measured 
at 1, 2. 3, and 4 days of 
migration. Broken line, 
migrating cultures incu- 
bated for 2 days in control 
medium, 1hen inhibited by 
Ihe addition of 50 wg/mi 
LACA or c/s-HPRO for 2 
days. Dotted/broken line, 
cultures inhibited for 2 days 
by 50 ^g/ml LACA or c/s- 
HPRO, then washed and in- 
cubated with control medi- 
um for 2 days. Ail points 
represent averages of qua- 
druplicate samples. Bars 
represent standard devia- 
tions. 
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Figure 3— Indirect immunofluorescence patterns of nonmigratlng confluent cultures of BAECs stained with antibodies to a) Type I collagen, 
b) Type Mi collagen, c) Type IV collagen, d) Type V collagen, and e) lamtnin. Note the absence of staining for Types I and III collagen, the lacy 
reticular staining of the matrix for Type IV collagen, (he uniform matrix and cytoplasmic staining for Type V collagen, and the similar pattern 
for lamlnin. Indirect immunofluorescence patterns of migrating cultures of BAECs (4 days following "wounding") stained with antibodies to f) 
Type I collagen, g) Type III collagen, h)Type IV collagen, t) Type V collagen, j) laminin. Note the absence of staining for Types I and III collagen, 
the absence of matrix staining for Type IV collagen but the punctate cell-associated staining for this antigen, the uniform cytoplasmic stain- 
ing for Type V collagen, and the uniform cytoplasmic and punctate cell-surface staining for laminin. (x200) 
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iril iii>^ jgff oTmigr^lon was noted at an inhibitor con- 
centration of 50 f/g/mi. On the other hand, when 
coverslips incubated for 2 days in medium containing 
LACA or dy-HPRO were incubated in control 
medium or medium containing inhibitor to which 
was added 200 f-ig/ml L-prohne, migration resumed at 
a linear rate comparable to that of uninhibited cultures. 

Since the above experiments suggested that migra- 
tion and collagen metabolism may be associated, we 
examined the composition of the matrix molecules 
produced by migrating and stationary endothelial 
cells using antibody probes to the various matrix 
components (Figure 3). 

In confluent, nonmigrating cultures no detectable 
Type T or Type 111 collagen antigen could be demon- 
strated, although Type IV collagen was present in a 
lacy, reticular pattern throughout themalrix. Type V 
was present in a uniform pattern overlying cell 
cytoplasm as well as in the matrix, and laminin was 
observed in a uniform cytoplasmic pattern outlining 
cells as well as in a delicate, lacy matrix pattern. The 
collagen distribution pattern found in these en- 
dothelial cell cultures was consistent with our 
previously published data. 10 Migrating endothelial 
cells 4 days after in vitro " wounding" (areas past the 
Formvar front) also did not stain for Types I and 111 
collagen antigen. Type IV collagen was present, but 
apparently in reduced amounts, only in a punctate 
pattern on cytoplasmic surfaces. Type V was present 
in a uniform intense pattern throughout the cyto- 
plasm of ^migrating cells, and laminin was present 
uniformly) throughout the cytoplasm with an overly- 
ing punctate pattern on cytoplasmic surfaces (Figure 3). 

In contrast to the 4-day cultures, when migrating 
cultures were labeled 1 day after in vitro "wounding," 
the staining patterns were different in that Type V 
was the only collagen found to be labeled in a 
uniform cytoplasmic pattern, while Type IV collagen 



was negative" an^ljrniriin w p~we ajcly positive. At 2 
days after "woundi ng," the cultures stained for Typ e 
V collagen in a uniform cytoplasmic pattern and for 
laminin in a uniform cytoplasmic and punctate pat- 
tern cell surface. At this time only weak Type IV 
labeling was observed in a punctate pattern. When 
nonirradiated migrating cultures were allowed to 
achieve confiuency, the staining patterns were indis- 
tinguishable from those of nonmigrating confluent 
cultures (data not shown). 

Table 1 summarizes the immunofluorescence stain- 
ing data on nonmigrating and migrating calf aortic 
endothelial cells in culture under these conditions. 

Discussion 

Endothelial cell migration is a major early event 
observed in angiogenesis and in the maintenance of 
the intact, nonthrombogenic surface of large vessels. 
Cell migration is a complex phenomenon influenced 
by many factors, one of which is the substratum. In 
light of the close physical association between the en- 
dothelium and its underlying 'matrix, it is conceivable 
that the matrix may in some way(s) influence the 
migration of endothelial cells. There is already con- 
siderable evidence for matrix requirements in epider- 
mal sheet migration as well as for adhesion and 
spreading ol various epithelial and mesenchymal ceil 
types.' 4 " 7 In those studies it was found that epithelial 
cells preferentially adhered to basement-membrane- 
associatcd collagcns and appeared to require con- 
tinual collagen synthesis for migration. In addition, 
qualitative differences in the types of collagen ex- 
pressed were noted in the migrating cells. 16 These 
varied and widespread matrix requirements of epi- 
thelial and mesenchymal cell adhesion, spreading, 
and migration prompted the present study. Albeit, 
recently, Folkman and Haudcnschild found that a 



Table 1— Matrix Molecule Localizations in Migrating and Stationary Bovine Aortic Endothelial Cell Cultures {BAECs) 

Collagen type 

Cell type/culture conditions I III IV V Laminin 



BAECs— nonmigrating, confluent 
BAECs— migrating Day 1 
BAECs — migrating Day 2 
BAECs — migrating Day 4 



— Matrix labeling only 

— Weak punctate labeling 

— Punctate labeling 



Uniform cytoplasmic and 
matrix labeling 

Uniform cytoplasmic 
labeling 

Uniform cytoplasmic 
labeling 

Uniform cytoplasmic 
labeling only 



Uniform cytoplasmic and 
matrix labeling 

Weak cytoplasmic and 
punctate labeling 

Uniform cytoplasmic and 
punctate labeling 

Uniform cytoplasmic and 
punctate labeling 
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l^latm r tnaTrixI was necessary for the _ successful 
cul ture and migration of capillary endothelial cells. 8 
In these studies the linear migration of cultured 
bovine aortic endothelial cells (BAEC) was reversibly 
inhibited by agents that are thought to hamper col- 
lagen secretion (LACA and c/s-HPRO), allegedly by 
proline substitution and formation of abnormal col- 
lagen*, which do not form the usual triple helical 
conformation. 17 These observations support the no- 
tion that BAECs require continual collagen secretion 
for migration. Although it is widely accepted that 
these proline analogs have their effects by altering 
collagen secretion, the possibility that both these 
analogues could block cell motility by a non-specific 
reversible toxic effect is not excluded by these experi- 
ments even though the inhibitory effect was reversible 
in the presence of high concentrations of L-proline. 13 
The inhibition experiments, in addition to the finding 
that Type V (AB 2 ) collagen is the predominant col- 
lagen antigen in the migrating cells, are in accord 
with our previous studies of murine epidermal sheet 
migration. 16 The localization of this collagen type in 
capillary basement membranes 11 ' 12 and in the suben- 
dotheliurn of large vessels 10 24 is consistent with its 
potential role as an early-synthesized component of 
the matrix upon which cells migrate. The later ap- 
pearance of Type IV and laminin (other components 
of basement membranes) in matrix localizations is 
consistent with this notion. This staggered ap- 
pearance of matrix components associated with 
migrating cells is also noted in epiboly experiments 
using human skin explants." In that system Lhe 
earliest deposited basement membrane component 
was bullous pemphigoid antigen followed by laminin 
and then Type IV collagen. Type V collagen was not 
assayed for in that study. The reason(s) for this ap- 
parently ordered appearance of matrix components 
during and following the migratory response is as yet 
unknown. One previously suggested possibility is 
that specific molecules are necessary for the initial 
adhesion and migration of cells and that once the 
cells have covered an area and ceased moving, they 
have other requirements that call for the synthesis of 
other basement membrane components, leading to 
the production of a stable, morphologically iden- 
tifiable basement membrane. 25 

If this notion is correct, the composition of the re- 
maining underlying substratum following injury may 
be an important factor in determining the rate and 
extern of reendothelialization. Since different matrix 
components are localized to different levels of the 
vessel wall (collagen Types IV and V to the suben- 
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dothelium-tand" collagen- Types I and Mi to the 
"medra^ ra t^^3e^rr^nnjury may be a factor in 
deferminin^IhVelTdothelial cell migration rate. If, 
after desquamation, the subendothelium is intact, 
migration may proceed at a maximal rate, because 
the matrix components associated with the migratory 
response are present. However, if the injury is more 
severe and the subendothelium is destroyed, the 
subsequent endothelial cell migration would be 
slowed by the requirement to synthesize the basement 
membrane components necessary for migration. 

Thus, in conclusion, our in vitro migration assay 
system may be of help in further elucidating the 
matrix requirements of large vessel endothelial cell 
migration following injury as well as for investigating 
the dynamics of basement membrane formation and 
organization following injury. Furthermore, the 
findings that proline analogs block endothelial cell 
migration and that the deposition of matrix antigens 
appears in a sequential order from stationary to 
motile cells suggest that matrix molecule biosynthesis 
(secretion) and remodeling are central to the process 
of endothelial cell motility. 



References 

1. Fishman J A, Ryan GB, Karnovsky, MJ: Endothelial 
regeneration in the rat carotid artery and the sig- 
nificance of endothelial denudation in the pathogenesis 
of myointimal thickening. Lab Invest 1976, 35:339-351 

2. Haudenschild CC, Schwartz SM: Endothelial regenera- 
tion: II. Reconstitution of endothelial continuity. Lab 
Invest 1979, 41:407-418 

3. Sholley MM, Gimbrone MA, Cotran RS: Cellular 
migration and replication in endothelial regeneration. 
Lab Invest 1977, 36:18-25 

4 Wall RT ( Harker LA, Striker GE: Human endothelial 
cell migration. Lab Invest 1978, 39:523-529 

5. Thorgeirsson G, Robertson AL, Cowan DH: Migra- 
tion of human vascular endothelial and smooth muscle 
cells. Lab Invest, 1979, 41:51-62 

6. Zetter BR: Migration of capillary endothelial cells is 
stimulated by tumour-derived factors. Nature 1980, 
285:41-43 

7. Azizkhan RG, Azizkhan JC, Zetter BR, Folkman .1: 
Mast cell heparin stimulates migration of capillary en- 
dothelial cells in vitro, J Exp Med 1980, 152:931-944 

8. Folkman J, Haudenschild CC: Angiogenesis in vitro. 
Nature 1980, 288:551-556 

9. Stenn ICS: Quantitative assay of dissociated tissue cell 
motility in vitro. In Vitro 1980, 16:357-360 

10. Madri JA, Dreyer B, Pitlick F, Furthmayr H: The col- 
lagenous components of the subendothelium: Correla- 
tion of structure and function. Lab Invest 1980, 
43:303-315 

11.. Madri JA, Furthmayr H: Collagen polymorphism in 
the lung: An immunochemical study of pulmonary 
fibrosis. Human Pathol, 1980, 11:353-366 



.Material may be protected by copyright law (Title 17, U.S. Code), 



186 MADRI AND STENN 



AJP • February 1$&2 



12. NR6II^FJ r -Mbdri-JArAlbert J, Furthmayr H: Codislri- 
- -buti^of eollagerv types IV and A B z in basement mem- 

brane^aad_mcsangium.of the kidney: An immu no fer- 
ritin study of ukrathin frozen sections. J Cell Biol 
1980, 85:597-616 

13. Madri JA t Roll FJ, Furthmayr H, Foidart J-M: The ul- 
trastructural localization of fibroneetin and larninin in 
the basement membranes of the murine kidnev. J Cell 
Biol 1980, 86:682-687 

14. Murray JC, Stingl, G, Kleinman HK, Martin GR, Katz 
SI: Epidermal cells adhere preferentially to type IV col- 
lagen. J Cell Biol 1979, 80:197-202 

15. Liotta K, Vembu D, Kleinman H, Martin GR, Boone 
C: Collagen required for proliferation of cultured con- 
nective tissue cells but not their transformed counter- 
parts. Nature 1978, 272:622-624 

16. Stcnn KS, Madri JA, Roll FJ: Migrating epidermis pro- 
duces ABj collagen and requires continual collagen 
synthesis for movement. Nature 1979, 277:229-232 

17. Kleinman HK, Klebe RJ t Martin GR: Role of col- 
lagenous matrices in the adhesion and growth of cells. J 
Cell Biol 1981, 88:473-485 

18. Uitto J, Prockop DJ: Incorporation of proline 
analogues into collagen polypeptides: Effects on the 
production of extracellular procollagen and on the 
stability of the triple-helical structure of the molecule. 
Btochim Biophys Acta 1974, 336:234-251 

19. Coulombre A J, Coulombre JL: Corneal development: 
IV. Interruption of collagen excretion into primary 
stroma of the cornea with LACA. Dev Biol 1972, 
28:183-190 



20. Aydeloue of mouse 
limb buds in^rgS culture: CKondrogenesis in the pres- 
ence of a proline-analosuer LAGAr Dev Biol 1972 
28:191-201 

21. Liotta LA, Vembu D, Kleinman HK, Martin GR ( 
Boone C: Collagen required for proliferation of cul- 
tured connective tissue cells but not their transformed 
counterparts. Nature 1978, 272:622-624 

22. Vembu D, Liotia LA, Paianjpe M, Boone C\V: Corre- 
lation of tumorigeniciiy with resistance to growth inhL 
bition by cis hydroxyproline. Exp Cell Res 1979 
124:247-252 

23. Spooner BS, Faubion JM: Collagen involvement in 
branching morphogenesis of embryonic lung and 
salivary gland, Dev Biol 1980, 77:84-102 

24. Furthmayr H, Roll FJ, Madri JA, Foellmer HG: Com- 
position of basement membranes as viewed with the 
electron microscope. Hoechst Symposium, New York 
Raven Press, 198J (In press) 

25. Hintner H, Fritsch PO } Foidart, J-M, Stingl G, Schuler 
G, Katz SI: Expression of basement membrane zone 
antigens at the dermoepibolic junction in organ 
cultures of human skin. J Invest Dermatol 1980 
74:200-204 



Acknowledgments 

We would like to thank Mr. Richard .Wyatt and Mr. 
Denis Lafreniere for excellent technical assistance and Ms. 
Beth Auerbach for her patient secretarial assistance. 



Material may be protected by copyright law (Title 17, U.S. Code). 



